Abstract-A novel photonic analog-to-digital converter (ADC) architecture tailored for the localization of transmitters employing ultra-wide band (UWB) radio technology is proposed and experimentally demonstrated in this paper. The proposed photonic-ADC architecture comprises several parallel branches each including an electro-optic sensor at different spatial locations capturing UWB signals simultaneously (sub-picosecond resolution). A single optical source is required in this architecture for all electro-optic sensors and also a single processing unit is needed to process the optically sampled data, thus simplifying the system implementation.
I. INTRODUCTION

P
HOTONIC analog-to-digital conversion has been indicated as an interesting approach for sensing ultra-low power radio signals because it provides excellent sensitivity, good signal-to-noise ratio altogether being capable of supporting wide bandwidths without sacrificing equivalent number of bits (ENoB) resolution [1] . In particular, the time-stretching photonic analog-to-digital converter (ADC) configuration [2] has been demonstrated to be suitable for the digitalization of radio-frequency (RF) signals in large frequency spans like it is the case of ultra-wide band (UWB) radio technology [3] .
UWB radio targets high-throughput, low-latency, short-to medium-range communications. Nowadays, UWB is actively used in computer peripheral interconnection, namely wirelessuniversal serial bus (wireless-USB) [4] , in high-definition audio/video streaming from the computer to the TV set [5] , in low-latency remote PC desktop and gaming applications [6] , and also in niche applications like medical imaging [7] . UWB radio transmissions are allocated in the 3.1 to 10.6 GHz band as by FCC regulation [8] . The communication range of UWB radio has been reported to exceed 10 m at 100 Mbit/s bitrate [9] , or up to 1.1 m at 1067 Mbit/s [10] . Different UWB implementations exist, mainly based on impulse-radio or on multicarrier modulations. The multicarrier UWB implementation defined by WiMedia [11] is the most relevant at the time of writing. WiMedia-defined UWB transmitters employ dual-carrier modulation orthogonal frequency division multiplexing (DCM-OFDM). The DCM-OFDM signal typically operates in a time frequency hopping configuration comprising three 528 MHz wide adjacent channels from a total of fourteen channels available as defined in the ECMA-368 standard [12] . The maximum transmission power spectral density is −41.3 dBm/MHz as specified by FCC [8] . This implies that the signal transmitted over the air exhibits a power level lower than −65 dBm after two meters radio propagation. Sensing and further localization of UWB transmitters employing the DCM-OFDM modulation poses a difficult problem due to the large bandwidth and low power spectral density employed: This can be successfully addressed by photonic analog-to-digital converters (photonic-ADC).
The photonic-ADC architecture herein proposed includes electrical and optical subsystems capable of sensing and locating UWB transmitters. This architecture is different from ADC converters employing only optical devices, which are sometimes called all-optical ADCs [13] . The proposed technique exhibits unique characteristics: (i) Photonic-ADC technology permits to sense the whole UWB band covering up to 10.6 GHz with an electrical ADC (E-ADC) with M times (stretching factor) lower effective bandwidth. (ii) True simultaneous radio sensing is achieved simultaneously in all sensors without additional radio synchronization stages and it can be applied to generic cognitive radio applications. (iii) The full-multiplexed architecture allows processing of the optically sampled data from a given set of sensors placed at different locations with a single 2 GHz E-ADC. A timemultiplexing scheme is employed which benefits from optical time-stretching, i.e. spectrum compression. (iv) Optical sampling impairments can be compensated at the E-ADC memory buffer by ad-hoc digital signal processing if required.
This architecture finds application in security, public-safety and disaster-recovery scenarios where it is necessary to detect and localize ultra-low power radio signals with high accuracy in a large frequency span. Also, localization of UWB or other radio signals is an enabling step for advanced cognitive radio and spectrum-sharing applications [14] .
II. UWB LOCALIZATION PRINCIPLE Fig. 1 shows the application scenario of the photonic-ADC architecture. In this figure it is depicted the three-dimensional (3D) localization of UWB radio transmitters. 3D localization requires different sensors to be positioned at different locations as shown in the figure. Sensor placement should be done at different heights in order to enhance resolution in the z dimension as shown in Fig. 1 .
The UWB localization coordinates are calculated based on a time difference of arrival (TDoA) algorithm. At least four relative delays are need, which leads to a minimum of five sensors in the system, as shown in the figure. Each UWB sensor captures UWB activity on a pulsed optical signal. The sensors are connected with optical fibers forming a parallel photonic-ADC described in the next section. Fig. 1 also shows a pulsed optical source which feeds light to all sensors though a passive divider, and an E-ADC. Each sensor branch implements a specific optical time-stretch process to reduce the electrical and digital signal processing requirements. Time-multiplexing of the optical signal in each sensor branch is implemented permitting the use of a single E-ADC in the whole system. The E-ADC applies ad-hoc processing algorithms to analyze the optically-sampled data gathered simultaneously from all sensors, thus localizing the UWB transmitters in the area.
Optical transmission impairments in the sensor branches also are corrected by the E-ADC employing digital signal processing. The central frequency of each UWB signal is also identified as a first step for accurate device positioning. Using a single optical source and one electrical-ADC permits overall simplicity.
III. PARALLEL PHOTONIC-ADC ARCHITECURE
From the application scenario described in the previous section, a parallel multi-channel photonic-ADC architecture is proposed targeting to provide an ultra-wide spectrum monitoring of existing radio standards allocated in the 3.1 to 10.6 GHz band with a conventional cheap E-ADC. This photonic-ADC architecture is tailored to generic original localization algorithms applied to multiband hopping signals. The parallel photonic-ADC includes multi-channel processing. Optical pulses bearing UWB radio activity, that in different branches form the optical channels, must be processed in parallel in order to localize the transmitters in the area. This architecture differs from other parallel photonic-ADC techniques, see by example [15] , as in our proposed system time-simultaneous sampling is performed on all electro-optic sensors. This spatially-diverse timesimultaneous photonic sampling effectively enables the precise localization of radio transmitters in the area. Fig. 2 shows the experimental setup for demonstration of the proposed parallel photonic-ADC. Device specifications are summarized in Table I . Fully standard UWB radio signals are considered to operate with the photonic-ADC architecture. The used UWB devices operate in the 3 first frequency bands (from 3.146 to 4.75 GHz) with DCM-OFDM as in the WiMedia standard [11] , [12] . These devices are mainstream [6] .
System operation depicted in Fig. 2 can be described as: First, narrow optical pulses were generated with a femtosecond fiber laser (FFL) with repetition frequency f R =3.233 MHz. This frequency was selected to sample the whole DCM-OFDM symbol. The optical pulses were stretched by a dispersion compensating fiber (DCF) with dispersion D 1 . The signal was afterwards amplified by an Erbium doped fiber amplifier (EDFA) and divided in different branches. In this demonstration five sensors are used, hence the multi sensor parallel architecture comprises five branches or channels.
Each sensor includes an electro-optic modulator, amplifier and antenna in order to capture UWB activity on a pulsed optical signal. The electro-optic sensor is indicated by a dashed box in Fig. 2 . The UWB sensor architecture comprises a Mach-Zehnder modulator (MZM), a RF wideband amplifier and a patch omnidirectional antenna [3] . Different heights were selected during sensor placement to achieve adequate resolution in the z-axis. Sensor locations are also summarized in Table I . A fiber patchcord of L=10 m is used to deploy each sensor at different room allocations as depicted in Fig. 1 .
Each channel in the time multiplexed photonic-ADC architecture is dedicated to optically process the UWB radio signal. The different branches are combined in parallel with time-multiplexing serialization achieved employing cleaved fibers with lengths L 2 , L 3 , L 4 and L 5 according to guaranteeing a 51.42 ns slot for each optical channel and that there is no overlapping between the optical pulses coming from the different branches. The combined time-interleaved optical pulses are shown in Inset (a) of Fig. 2 . The maximum delay inaccuracy was measured during system set-up to be lower than 1 ps.
The five branches are combined together and stretched over a second spool of fiber with dispersion D 2 to complete the time stretching conversion factor with M = 1 + D 2 /D 1 = 3.38. The global stretch operation allows to the upper frequency of the first UWB band to be translated from 4.752 GHz to 1.4 GHz as it can be seen in the electrical spectrum shown in Fig. 3 . This matches with the 2 GHz front-end bandwidth specification of the E-ADC.
IV. LOCALIZATION OF UWB SIGNALS FROM THE
OPTICALLY SAMPLED DATA The localization algorithm is based on the laser pulse frequency repetition rate (f R ) and the multiband DCM-OFDM UWB signal structure, which are perfectly known. When capturing the radio spectrum on optical pulses the resulting modulated signal generates a unique time-frequency code directly related to a unique predictable delay. Due to the non-contiguous observation of the radio electric spectrum, classical delay estimation based on correlation should not be employed.
The choice of f R influence the predicted delay as it should be adequate to the DCM-OFDM signal structure, i.e. in order to sample the whole UWB symbol. The stretching factor M which only modifies the frequencies of the monitored band has no impact on the hopping sequence structure and therefore on the delay estimation algorithm, unless the stretching is so intense that optical overlap is produced between optical channels depicted in Inset (a) of Fig. 2 .
Once a set of delays are obtained for each channel with this method, a time difference of arrival (TDoA) algorithm is applied to obtain the position. The accuracy of such TDoA algorithm is linked to the accuracy of the delay estimation from the optically sampled signal, which strongly benefits from the simultaneous optical sampling of UWB radio in all the sensors at the same time. The goal of the delay estimation is to calculate a pseudo delayτ k on each k channel. The so-called pseudo delays are not the absolute delays of channels, but delays which refer to a common unknown delay reference. Because the TDoA total least square algorithm (TDoA TLS) [16] , [17] is based on the difference of delays, this common delay reference disappears, and it remains the only parameter of interest: the pseudo delayτ k .
The proposed delay estimation algorithm (Fig. 4) is based on two steps to obtain the pseudo delay estimation for a single k channel. First, the weight estimation is obtained. This stage uses the measured energy vector from the fingerprinting E n,k to provide a vector W n,k , which can be interpreted as a confidence value on the measured energy. Then, the weights sequence W n,k is processed by the predictive delay estimation (PDE) block, which provides estimation on the pseudo delayτ k . Once the estimated pseudo delayτ k has been sequentially computed for the k channels, the TDoA-TLS algorithm provides the position of the UWB device. The detailed process to obtain the position estimation is described mathematically now:
A. Building the weight vector
For each channel, the output of the energy detection of the received signal is a vector E k built as following:
where E b n,k is the maximum value of the instantaneous measured energy in the b subband, the k th channel for the n th snapshot. We refer to snapshot as the information coming at the same time from all the sensors modulated on the optical pulses as was shown in Fig. 2 .
Rather than keeping this information of energy unchanged, it is convenient to convert the energy vector into a data type closer to the UWB signal which kept some information about the energy level. To fit with the UWB subband hopping mechanism, the B hopping subbands and the zero padding are assimilated to states. Thus a TFC with a hopping sequence in B subbands corresponds to L states with L = B +1. Thereby, the weight vector W n,k is built as following:
The weights w b n,k are related to the state of confidence between two situations: no signal (zero state) or a significant activity in a given subband (state 1 to B). The weight computation method needs to distinguish between a situation where there is a strong amount of energy in only one subband from a situation where this energy is equally distributed over all subbands. The first situation can be associated with high confidence to a non-ambiguous subband state whereas the last situation is most likely associated with a noise only situation and then associated with the zero state. In that purpose, the weights which need to add up to 1 are built from the maximum absolute value of energy difference ΔE taken for all combinations of two subbands among B. It could be written:
Finally, the weights can be computed as follows: The prediction steps by applying a modulus on the PDF at rank n − 1, and the update of this PDF thanks to the weight vector and normalization before iterate the process at rank n with:
By using that procedure, the zero state weight increases when ΔE get smaller, which is the seek behavior. In practice, the value of ΔE is prevented to reach zero in order to maintain a non zero probability for each state which appears to be important for the implementation of the delay estimation Bayesian algorithm.
B. Predictive delay estimator
The predictive delay estimator (PDE) is based on Bayesian scheme. An example operation is illustrated in Fig. 5 . The observations are used to update the probability a hypothesis. In other words, each snapshot will bring information on the interval where could be localized the estimated pseudo delayτ k . By combining the knowledge on the most probable previous intervals and the actual one, it is possible to have a very accurate estimation onτ k .
Thus, the predictive delay estimation algorithm could be summed up in two major steps: 1) A prediction step, which estimates thanks to the whole previous sequence information until rank n − 1, the most probable state at rank n. At step n the algorithm has got an estimation of the conditional probability density function (PDF) p(τ k ,Ŝ n−1,k ) of the pseudo delay τ k knowing the past of the estimated state sequenceŜ n−1,k . The prediction step is based on the knowledge of the repetition rate T s of the optical pulse and the length T symb of a DCM-OFDM symbol.
Due to the knowledge of the repetitive scheme of the DCM-OFDM symbols for a given TFC, a modular arithmetic notation is used to build the next prediction of the PDF. Thus, the PDF prediction a rank n is build thanks to the estimation of this PDF p(τ k ,Ŝ n−1,k ) at rank n − 1:
The value between brackets stands for the modulus value.
2) A correction step, which takes advantage of the calculated weights and can be once confront to the prediction and exploit to update the next prediction step after normalization. Due to the weight information previously computed by the weight estimator, it is possible to update the PDF following:
When the innovationŜ n,k has been estimated it can be exploited to for normalization:
This could be also written as:
Thus the pseudoτ k interval estimation at rank n is obtained. The exact pseudoτ k value is chosen as the center of the most probable pseudoτ k interval.
C. Simulations for position computation
In this part the performance of the proposed PDE algorithm is evaluated for different cases. The Root Mean Square Error (RMSE) is evaluated as:
In these simulations three percentages of errors (0%, 10%, and 20%) are considered. These percentages refer to the number of false weights introduced in the weight vector. For instance, with 80 snapshots, a 10% of error means that 8 of the maximum weights are randomly set to a wrong state. In the simulations 5000 uniformly random values of τ were computed for each of these three different percentages. Obviously, the knowledge of previous estimation ensures a better precision on the further estimations but it is noticeable that around 70 snapshots it appears a slope modification. After 70 snapshots, RMSE decrease slower. This could be explained by the very nature of the algorithm. Indeed, a rough estimation could be performed in a very low number of snapshots, allowing determining a delay in the range of a state duration. For instance, with a TFC1, if the first estimated state is a "1", the final pseudo delayτ value will stand between 0 ns and 242.42 ns. While no new information is able to split this interval, no better accuracy can be reached. As a consequence, the more accurate is the estimation, the more difficult it is to improve it.
In order to deal with the accuracy and a fast computation, a number of 80 snapshots has been chosen to perform the delay estimation. Fig. 7 presents the cumulative density probability function of the PDE algorithm for three percentage of code error for 80 snapshots.
By assuming a 1.3 ns error, 80% of the delays are correctly estimated even for 20% of error. Then when inserted into the TDoA-TLS positioning algorithm, the algorithm gives a positioning accuracy better than 50 cm.
The performance of the proposed algorithm is evaluated experimentally using the multi-sensor photonic-ADC with UWB signals in the next Section.
V. EXPERIMENTAL RESULTS
Real data from a UWB communication link with DCM-OFDM modulation at 480 Mbit/s has been sampled with the multi-channel parallel photonic-ADC architecture in Fig. 2 . The UWB transmitter was located at different positions inside a room at 1 m, 2 m, 2.5 m and 3 m from the origin corner marked in Fig. 1 in order to check performance in different situations. Different positions lead to different delays and power levels on the sampled signal due to the different wireless paths.
The signal input to the E-ADC includes an optical intensity modulation on the optical pulses due to the to electrical voltage conversion at the photodetector. As explained, ad-hoc processing over the sampled data (by channels) is done to remove this effect. Fig. 8 shows an example of the processed signal results when the UWB host is at 2 m from sensor 1. The sampled time signal confirms the DCM-OFDM amplitude modulation over the optical pulses. The spectrogram shows the frequency components detected for a UWB transmission with time frequency hopping TFC1 (channel frequency band
The maximum instantaneous value of the energy on each sub-band for each snapshot is provided to the weight estimation stage. Because this method is based on the maximum energy per snapshot, the state estimation can produce a decision on the dominating state in a snapshot even in low signal-to-noise ratio scenarios. Fig. 9 shows the weight estimation output which provides for each snapshot the confidence of being in one of the four possible states of a TFC1 sequence (including zeros padding states). This hopping sequence is directly observable on Fig. 8 .
In order to obtain position estimation from the data measured, the PDE algorithm has been computed and the resulting delay estimations have been provided to the developed TDoA-TLS positioning algorithm. Some results obtained from the experimental dataset are provided in Table II . The two first columns provide the coordinates of the real UWB device position. The estimated coordinates are presented in the two second columns.
The RMSE is computed between each coordinates X and Y , considering their respective estimationX andŶ . The Euclidean distance between the real position and its estimation is also evaluated. Finally, the last row of Table II provides the mean value for the computed RMSE of the coordinates and the Euclidean distance. Due to the sensors repartition in the room which is longer than wide in x-y, the mean value of the RMSE on the X coordinates is greater than Y . The positioning results can be observed graphically in Fig. 10 for different device positions. The real position of the UWB transmitter is represented by a red square and the green dot is the position estimated with the described algorithm. The difference between the real and the estimated positions is marked in a dashed line.
Observing Table II and Fig. 10 we can confirm that in this dataset, a mean position error below 50 cm has been achieved. The mean error is 48.5 cm with standard deviation of 15 cm.
The accuracy of these results could be improved for instance by choosing a RF antenna and amplifier combination with a better amplification for increasing the signal to noise ration and limiting the number of weight-estimation error or by increasing the number of used snapshots in the photonic-ADC.
VI. CONCLUSION
The localization of ultra-low power UWB signals has been demonstrated using a novel multi-sensor photonic-ADC architecture with high sensitivity of −65 dBm.
The multi sensor photonic-ADC comprises five branches with time-multiplexing. A full-multiplexed photonic ADC is demonstrated in the laboratory with precise cleaving of fibers is order to use the same optical source to fed all the sensors in a parallel architecture, only a pair of DCFs to make the λ-to-t conversion and stretching, and a single E-ADC to sample the sensed data. Using different photonic-ADC branches in parallel, the overall cost of the system is reduced. Further processing over the captured data separated by channels is done by ad-hoc algorithms presented in this paper, enabling the detection and localization of UWB transmitters in the area.
A TDoA algorithm has been developed to process the optically sampled data. The target is to obtain the pseudo delay estimation for each branch in the photonic system comprising a single electro-optic sensor. The detailed mathematical process to obtain the position estimation was depicted and confirmed off-line processing on the photonic-ADC sampled data considering actual DCM-OFDM UWB transmissions.
Applying the developed algorithms on the optically sampled data over five sensors information, the time frequency hopping pattern of a UWB transmission link is correctly identified. The performance of the proposed system is evaluated sensing a UWB communication with the transmitter located at different points of a room. Device localization is achieved applying the ad-hoc TDoA processing algorithm obtaining a mean error of 48.5 cm.
